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THE DEVELOPMENT OF T H E  COMPOUND EYE OF 
CRANGON. 
J. S. KINGSLEY, SC.D. 
FOR several reasons I have thought it best to  present my ob- 
servations on the development of the compound eye in the 
common shrimp, Crangon vulgaris, in advance of my complete 
paper on the embryology of that form. This seems the more 
desirable since I differ from Reichenbach, the most recent writer 
on the development of the compound eye, in several important 
points. 
Methods. 
The eggs were hardened by means of Pcrenyi's fluid, fol- 
lowed by alcohol of increasing strength, a process which works 
well with almost all arthropod tissues. In  most instances they 
were stained entire with Grenacher's alum-carmine, though in 
some instances Kleinenberg's hzematoxylin or Grenacher's 
borax-carmine were employed. In the later stages, where the 
deposition of pigment in the eye interfered with a clear vision 
of all the structures concerned, the following course was fol- 
lowed: The eggs were sectioned as usual, the sections being 
fastened to the slide with Mayer's albumen fixative. After melt- 
ing the paraffin and allowing the sections to drop into the ad- 
hesive mixture, the imbedding material was dissolved in turpen- 
tine, and this in turn was washed away with alcohol (95%).  
The sections were then covered with a mixture of equal parts 
of nitric acid and 95% alcohol, which was allowed to remain 
until the pigment was removed, - a process requiring from ten 
to fifteen minutes. The slide was next washed with strong 
alcohol, and the sections stained deeply with Kleinenberg's 
hxmatoxylin, and the excess then removed with acid alcohol in 
the usual manner. The sections were then mounted in balsam. 
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In the figures which illustrate this article no artistic or dia- 
grammatic latitude has been allowed, except where expressly 
stated, each nucleus being drawn by the OberhEuser camera. 
While in surface-views of the early stages the cell-boundaries 
seem very distinct, they are but very rarely visible in the sec- 
tions of embryonic stages (possibly the resuk of Perenyi’s fluid), 
and hence the following account deals almost wholly with nuclei 
rather than with cells. 
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Deve Zopment. 
The first appearance of the compound eyes is shown in Fig. I ,  
which represents the egg of Crangon very soon after the closure 
of the blastopore. In  the median line is shown the, as yet, un- 
differentiated germinal area of the body while at oZ, on either 
side, are the optic lobes, or better, optic discs. These three 
regions indicated are readily recognized by the character of the 
cells. These in superficial area are smaller than those of the 
rest of the blastoderm ; but in section they are much deeper. 
Each optic lobe is connected with the central area by a row of 
but slightly larger cells, the ultimate fate of which is to enter 
into the composition of the brain, though all parts of this organ 
are not derived from them. As seen in a side view, the optic 
lobes are oval, the major axis being about one and one-third 
the length of the minor. The distance between the optic lobes 
differs somewhat in different eggs, being usually a little less 
than in the specimen figured. This may, however, be a result 
of development, for not all the eggs taken from the same shrimp 
seem to be of exactly the same age. A transverse section of 
one of the optic lobes at  an early stage is shown in Fig. 2 .  The 
ceI1-boundaries are not visible, but the arrangement of the oval 
nuclei clearly indicates that here the epiblast is to be regarded 
as but a single cell in thickness. Immediately beneath the 
slightly stained protoplasm comes the yolk. Near the centre 
of the lobe is seen the first stage of the optic invagination. 
Seven of the nuclei are sunk below the rest, and form in outline 
a shallow cup (oi), the concavity of which is directed outward. 
The larger nucleus at one side is about to divide, although no 
karyokinetic figures are visible. 
This pit rapidly grows deeper, and, extending outwards, 
downwards, and forwards, soon comes to occupy a position 
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beneath the anterior and outer part of the optic disc, before 
any striking changes are visible in the external appearance of 
the embryo. The relations are shown in Fig. 3. The cavity of 
invagination is small, but comparatively wide, and it retains its 
size until the lips begin to grow together, when it becomes more 
flattened. The posterior part of the optic lobe, together with 
the cord of small cells reaching back to the rudiments of the 
embryo (Fig. I ) ,  give rise to the brain, and need not be followed 
further here ; the anterior part of the lobes and the invaginated 
pit alone concern us. The separation of the pit from the parent 
epiblast is completed at about the time of the budding of the 
first pair of appendages, and the appearance of the stomodeum. 
At this time the relation of the invaginated sac to the surround- 
ing parts is shown in Fig. 4. 
We have now three layers to deal with, all of which are con- 
cerned in the development of the optic apparatus. The external 
one is the epiblast or ectoderm ( e ) ,  while the two others are 
derived from the invaginated portion of the same primitive 
layer. The inner of these, the layer which lies against the 
yolk of the egg, gives rise, as will be seen later, to the chain of 
ganglia and nerves which lies within the stalk of the adult eye, 
connecting the optic apparatus with the brain. Hence the 
name gmzgZiogeen (g) may be appropriate for it. The other 
wall of the optic cavity becomes closely pressed against the 
ectoderm, and from the fact that it subsequently develops all 
the retinal portions of the eye, I have called it the retinugen ( r ) .  
At the stage figured one may notice a correspondence in num- 
ber, size, and position of the nuclei of all three layers. This 
equality lasts but a comparatively short time. The optic cavity 
soon becomes flattened, so that the walls nearly touch, but 
absolute contact is never reached. At the same time the nuclei 
of both gangliogen and retinogen are undergoing division, so 
that the extent of both layers is increased, without, however, 
losing their primitive character of being one cell in depth. The  
epidermis does not divide as rapidly, and hence there results a 
lack of agreement between the nuclei of the retinogen and those 
of the overlying layer. This is shown in Fig. 5, which repre- 
sents the eye at  the period when two pairs of appendages are 
outlined. 
There is another feature in this figure which needs a moment’s 
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attention. The nuclei of both gangliogen and retinogen have 
become elongated at right angles to the surfaces of the layers, 
and several nucleoli are visible in each. The subsequent stages 
increase this peculiarity until the nuclei attain a length of three 
or four times their shorter axis. In this process those of the 
gangliogen are in advance of those of the other layer, and in 
them division takes place first. Then the retinogen follows 
through almost exactly the same phases, which can be under- 
stood by a reference to Fig. 6, which represents the eye in an 
embryo, in which seven pairs of appendages have become out- 
lined. Here the nuclei of the retinogen are elongate, but 
those of the gangliogen have divided transversely, each giving 
rise to a series of nuclei arranged in a single row, and directed 
towards the centre of the egg. This structure does not show so 
plainly in the figure as it would were the figure more diagram- 
matic, but it is readily recognizable on one side of the drawing, 
which is an exact copy of the section. It is next to impossible 
to cut the sections so exactly as to pass precisely in the desired 
plane, bu t  a study of the consecutive sections clearly shows this 
radial arrangement, and also that all the nuclei in each row 
arise from the corresponding nucleus of the gangliogen, and 
extend inwards. This process of division continues until each 
ganglionic row consists of six nuclei before any other change in 
this region occurs. When these ganglionic rows are formed 
the nuclei of the retinogen have reached their greatest length, 
but have not yet begun to divide transversely, nor is there as yet 
any indication of an arrangement into groups. The general 
appearance, as shown in sections, can be seen from Fig. 6. The 
pyriform shape of some of the nuclei is due to their being cut 
obliquely; it is further noticeable that the more dorsal nuclei 
are more elongate than those nearer the ventral surface. The 
ectoderm is a thin layer with scattered nuclei. 
A t  this stage still another element begins to enter the eye. 
Fig. 12 is a section from the same embryo as that shown in Fig. 
6, bu t  is taken a short distance further back. Here all the 
features described above are clearly seen, but in addition there 
are some others. In  the lower centre is the cephalic ganglion 
with the fibrous portions already developed. Immediately 
above this is shown a thin layer of tissue with elongate or fusi- 
form nuclei, easily distinguishable from all the rest. This is the 
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anterior extension of the mesoderm, and at the left side it may 
be seen extending itself down between the cephalic ganglion and 
the gangliogenic tissues towards the optic cavity. Later sec- 
tions show that it then turns upwards, grows into the cavity, 
bu t  retains its primitive character and its single-celled thickness 
until after the young shrimp escapes from the egg. I have not 
fully traced its later stages, but have evidence to show that in 
the adult i t  forms the thick layer of pigmented connective- 
tissue, which sheathes the nerve-fibres between the ommatidia 
and the outer ganglion of the eye-stalk of the adult. 
The next series of changes are shown in Fig. 7, which repre- 
sents a portion of the eye of an embryo much further 
advanced. Only seven appendages are as yet outlined ; but these 
show plainly the distinctions between maxillz and maxillipeds. 
The .abdomen is cylindrical, and is terminated by a bifurcated 
telson armed with the typical fourteen spines ; the ganglia of 
the abdomen are outlined, the heart is formed, and has begun to 
beat, and the deposition of pigment has begun in the eye, though 
this is not shown in the figure under discussion. 
First it is to be noticed that the ectodermal nuclei have 
increased in number, and have come to correspond in position 
with those of the underlying layer. The nuclei of the retinogen 
which, in the stage last described, were elongate, have divided 
just as did those of the gangliogen, and each has given rise to 
five nuclei arranged in a row. These rows are arranged in sets. 
In  the sections two will be seen closely appressed to each other, 
and separated from the adjacent pairs by a rod of apparently 
structureless material. As subsequent development shows, this 
intervening substance is the rudiment of the crystalline cone, and 
the adjacent rows of nuclei in reality belong to different omma- 
tidia or optic elements. Horizontal sections show that there are 
four of these rows to each ommatidium, bu t  only two of these 
can be shown in one section. The optic cavity retains its early 
shape, and the mesoderm (exaggerated in thickness in the draw- 
ing) shows no change. In  the ganglionic layer a change is 
visible. The rows of nuclei have broken in twain, and have 
formed the rudiments of two ganglia, one retaining four, and 
the other two of the nuclei of the iast stage. Between these 
two a fibrous area has arisen, in which occasional nuclei, stain- 
ing less deeply than those of the surrounding parts, can be seen. 
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The origin of these, I have not determined. Beyond the second 
of these ganglia is a second fibrous portion, which connects the 
visual organs and the optic ganglia with the brain. This con- 
nection did not exist in the earlier stages, but I am unable to 
say whether the fibres grow out from the supra-esophageal gan- 
glion or from the nervous rudiments of the eye. It should be 
mentioned that the rows of ganglionic nuclei at this stage are 
opposite the crystalline cones, and alternate with the rows of 
retinal nuclei. 
Fig. 8 is a portion of the eye of the same stage still further 
enlarged, but taken a little further back. It shows the first 
appearance of the pigment, which is plainly not of mesodermal 
but of epidermal origin, arising from the retinogen. The cell- 
outlines are very indistinct; but it is evident that the pigment is 
deposited first in the inner ends of the inner cells of the retinal 
rows, or those which form the outer wall of the optic cavity. 
The same figure also shows more clearly the distinctness of the 
epidermal layer, and also that the crystalline cone is divided 
through the middle. A t  this stage, however, one cannot see 
which of the cells arising from the retinogen are concerned in 
the secretion of the cones ; but this point becomes apparent a t  
a later stage, when the embryo is nearly ready to leave the egg. 
Figs. I I ,  I 3, and 10 will explain the various processes involved. 
They are taken from an embryo in which the yolk has become 
nearly absorbed, and in which the optic stalks have begun to 
bud out. Fig. 1 1  is an actual section, which is diagrammatic 
only in that it omits, for clearness, a part of the pigment. Fig. 
10 is drawn from stained and teased sections, and shows the 
shapes of the cells of the retinogen. Fig. 13 is a diagram con- 
structed from both of them. I t  contains, however, nothing 
which I have not clearly seen. A t  this point it is necessary to 
add some terms for the various portions, and I have adopted 
the terminology introduced by Patten ('86). The epidermis 
cells (c) are now distinct from those of the retinogen, and 
have begun the secretion of the cuticula, which is modified 
into lenses (C) over each crystalline cone. The extension of the 
cell protoplasm across the end of the crystalline cone, as repre- 
sented in Fig. 13,  is not certain. It does, however, take such a 
position in later stages (after hatching), and so I have introduced 
it into the diagram. In the rows of retinal nuclei there has 
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been a development and a differentiation. Each of the cells 
(Fig. 10) has become greatly elongated, the protoplasm ex- 
tending out to a considerable distance from the nucleus in a 
thread-like prolongation, which apparently (Fig. I I ,  I 3 )  reach 
from the wall of the optic cavity to the epidermis. The 
nuclei are placed at different heights in these cells, and 
the tail-like prolongations are arranged in layers around the 
crystalline cone, Exactly which of the cells are inside and 
which outside I am not able to determine, except in the case 
of the distal member of the retinal row ( Y ) .  This is clearly 
the one which abuts against the crystalline cone, and is 
the crystalline cone-cedl or retinophora. Of these there are 
four surrounding the cone, and their walls touch so that they 
form a cup or calyx in which the cone is situated, and from 
which it is secreted. Below the calyx the ends of the retino- 
phoral cells unite to form a slender pedicle (pd ) ,  which traverses 
the whole of the pigmented layer as it a t  present exists. This 
pedicle is clearly the rhabdom of Grenacher, and it  is as plainly 
formed, as was first demonstrated by Patten, by the retinophorze, 
and not as a secretion from the surrounding pigment-cells. On 
this point I am fully convinced of Patten’s accuracy. 
The retinopiioral nuclei still retain their position (as they do 
throughout life) close to the epidermis, but among the others of 
the retinal rows a separation is visible. Of these cells, which 
we may call the pigment-cells, two remain in close contact with 
the retinophoral nuclei, ( ~ 9 ,  j2, Fig. X I )  while the two re- 
maining nuclei (j3,f4) are separated from the rest and from 
each other by a considerable interval. A comparison of Figs. 
S and I I will show what has taken place. Pigment-cell 4 has 
retained its position at  the margin of the optic cavity, but be- 
tween it and pigment-cell 2 a considerable interstitial growth has 
occurred, mostly accomplished by an elongation of the proto- 
plasm of the ccll. The deposition of pigment, which, in Fig. 
8, had just  begun at the proximal surface has now covered the 
entire nucleus, and has extended thence up  the filiform pro- 
longation of the cell (see also Fig. 10) until it has reached the 
level of the nucleus of pigment-cell 2. These prolongations 
are the well-known rods or bacilli ( b )  so characteristic of the 
arthropod cye. The mesoderm still retains its primitive charac- 
ter at  this stage, and as yet no connection is made between the 
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ommateal and the ganglionic portions of the eye. Fig. 13 shows 
these features well, but it must be borne in mind that in it the 
region of the crystalline cone is exaggerated in order to show 
the surrounding cells. 
The subsequent growth of the ommateum can readily be un- 
derstood without a figure. The retinophorz continue the 
secretion of the crystalline cone and with the growth of this 
portion of the eye the nuclei of the celIs are forced from their 
present position. Those of the retinophorz are driven to 
occupy a place on the ends of the crystalline cones while pig- 
ment-cells I and 2 are forced to take a much deeper position 
and the filamentary terminations of all the pigment-cells (the 
bacilli) become much more slender. This is especially the case 
with the outer or distal ends of these organs. The deposition 
of pigment continues and extends in each cell as far as the outer 
layer of nuclei. In the lower ends of the retinophorae, where 
they unite to form the pedicle the changes are obscure. The 
pedicle becomes gracefully swollen and is separated from 
the calyx by a slender style. In the interior of the pedicle ap- 
pear (how, I know not) curious cross bands (vide Patten, '86, 
PI. xxxi., Fig. 72.) In  the ganglionic regions the changes are 
but slight and of the same character as those already described. 
There is an increase in the number and size of both ganglia and 
the intermediate fibrous portions; and in some way fibres come 
to cross the optic cavity, a filament going from each ganglionic 
row to the corresponding pedicle. How these arise I am not 
able to say, nor have I seen that complex arrangement of the 
fibrilk and the nerve terminations described by Dr. Patten. 
I have, however, been able to trace the axial nerve through the 
pediclc and style and into the distal portion of the crystalline 
cone. The character of this axial nerve, together with theo- 
retical considerations, render it probable that it is an outgrowth 
from the ganglionic portion of the eye. 
The changes which occur in the optic cavity are considerable, 
but I have not satisfactorily traced the steps. The cavity be- 
comes greatly expanded, SO that it eventually measures half the 
width of the ommateal portion of the eye. The mesoderm con- 
tained in it becomes correspondingly developed and apparently 
forms a neurilemma which sheathes each nerve-fibre crossing the 
cavity, and in which there is a considerable deposition of pig- 
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ment. The nuclei are scattered, but I should not regard the 
figure given by Claus ('86, P1. vii., Fig. 6) of the connective 
tissue elements in the eye of Branchipus, as representing the 
corresponding portion of Crangon. In the latter there exists, 
besides the thin neurilemma, long club-shaped and knobbed 
masses which follow the general course of the nerve-fibres and 
which are deeply pigmented. 
The differences between the adult eye of Crangon and that of 
Peneus, as described by Patten, are considerable, but they can- 
not well be elucidated without illustrations. Still the homolo- 
gies between the two can be readily traced, even to details, and 
my sections I regard as confirming in every respect, except 
nerve terminations, those of Patten. The finer ramifications of 
the nerve fibrilla3 I have not seen, nor have I used proper 
means to do so. 
The development of the compound eye has been studied by 
several authors, I n  the older works we frequently find allusions 
to it, but usually as a mere mention of the deposition of pig- 
ment in this region. Dohrn ('70, p. 121 of Separate) gave as 
good a description of the processes involved as could have been 
obtained from surface views. He used no sections and unfor- 
tunately he does not figure any of the features he describes. 
Bobretzky ('73) was the first to give any account of the 
growth of the compound eye as revealed by sections. He 
studied it in Astacus and Palzmon, but as his paper is written 
in Russian I have been obliged to depend on the abstracts given 
in Hoyer ('75) and in Balfour ( ' 8 ~ ) .  This author did not see 
the invagination, and hence his whole account is modified. He  
derives the crystalline cone-cells ( retinophorz) and " Semper's 
nuclei " (the corneal epidermis) from the epidermis, some of the 
pigment from intrusive mesoderm, and thinks that the retinula, 
etc., arise from a portion of the supraesophageal ganglion, 
which early becomes separated from the rest. The plates illus- 
trating the article clearly show that if we suppose an invagina- 
tion, the whole development of the eye of these two genera is 
clearly reconcilable with that given above. 
We shall recur again to the work of Reichenbach, but  here 
must mention that in his earlier paper on Astacus ('77) he saw 
the optic invagination, although he interpreted it as contributing 
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to the development of the brain, and did not recognize its con- 
nection with the retinal elements. 
The observations of Sedgwick and Kennel upon the develop- 
ment of the eye in Peripatus may be referred to in this connec- 
tion, although the present author does not believe this form to 
be an arthropod. Sedgwick (’85, p. 461) first described the 
eye as arising by an invagination, and says that the outer wall 
of the vesicle forms the epithelium outside the lens, while the 
inner, from which the retina arises, remains continuous with the 
cerebral ganglion, and hence the eye of Peripatus is a cerebral 
eye,” an expression the force of which I fail to perceive. 
Kennel, not quite a year later, gives an account of the develop- 
ment of the eye in the two South American species studied by 
him, illustrating it with three figures. (’86, pp. 31-33, and 83, PI. 
iii., Figs. 32-34.) The account agrees essentially with that of 
Sedgwick, except that Kennel maintains that the inner wall of the 
vesicle is converted into only the retinal elements, and that it 
does not unite with the cerebral ganglion until a late date. The 
eye of Peripatus, as was first shown by Balfour (’81, p. 395, 
and ’83, P1. xvii., Fig. 24) is totally unlike that of any arthropod. 
Balfour compares it with the eyes of molluscs, but a far more 
perfect parallel is to be found in the eyes of the Syllid worm 
Autolytus. In this genus sections show an almost exact reproduc- 
tion of Balfour’s figure, cited above, except that the nuclei of the 
ganglionic layer are visible all the way around the pigment until 
they merge in the prelenticular epithelium of the optic vesicle 
(Kennel’s Fig. 34 shows a similar relation), and except that the 
layer of rods and cones in the eye of Peripatus is represented 
as divided by transverse bars or partitions which I cannot recog- 
nize in the eye of the worm. In Autolytus the region between 
the lens and the pigment is occupied by crystalline slightly 
staining bodies, in the centre of which the nerve-fibre can be 
traced, much as is represented in Patten’s figure ( I ,  c,) 142. 
These crystalline cones abut directly upon the spherical larni- 
nated lens. 
To Locy (’86) is due the credit of first recognizing the 
existence of an invagination in the development of the arthropod 
eye. In the Arachnid Agelena he finds that both the median 
and the lateral eyes originate by an invagination, and, excepting 
the inner of the three resulting layers, the subsequent processes, 
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though not followed out in detail, correspond with the foregoing 
account of the development of the eye of Crangon. The epider- 
mal cells secrete the lens, those of the retinogen give rise to the 
rods and cones, while the fate of my gangliogen was not traced. 
Dr. E. L. Mark has in press some further observations on the 
eyes of this form, in which the fate of the gangliogen is traced, 
and light thrown upon the nerve-supply. Mr. Locy also sug- 
gested a comparison of the eye of spiders with that of verte- 
brates, to which we will return later. 
Claus, describing the development of the stalked eyes of 
Branchipus and Artemia ('86, pp. 307-324), gives far more 
details than any previous writer on the development of the crus- 
tacean eye, but I find it difficult to bring his account into cor- 
respondence with the processes seen in Crangon. His figures 
are lacking in histological distinctness, so that one cannot 
readily see the exact state of affairs. Claw does not recognize 
an invagination (if one exists), but says the first appearance of 
the eye is a broad ridge-like ectodermal thickening in the 
metanauplius stage which narrows beneath, where it contains the 
rudiments of the optic ganglion which is not yet separated from 
the " secundEren Gehirnlappen." This ridge splits transversely, 
its outer layer forming the cuticula and the crystalline cones, 
and the deeper, nerve-rods and pigment. The figure (Z, t, PI. vii., 
Fig. I . )  quoted to illustrate this is as intelligible on the supposi- 
tion that an invagination has taken place, and the relations of the 
optic ganglion are somewhat intermediate between those of 
Crangon and those of Astacus, as described by Reichenbach 
(vide iefya). From this point on the account is not easy to 
understand. The author seems to have no suspicion of the 
errors of Grenacher (vide Patten), and as he has not deprived 
his sections of pigment, it is not clear how they are to be ex- 
plained. In  all except one of his figures he shows no nuclei 
beyond the pigment-zone. In  that one he has two at the end of 
each crystalline cone which he interprets as hypoderm nuclei. 
Whether this be true, or  whether he has missed the true 
epiderm-cells, and these are the nuclei of the retinophorz, it is 
not easy to say, though, from the relations of the calyx to the 
crystalline cones, the latter seems the more probable view. 
The same figure (Pl. vii., Fig. 7) seems to afford additional 
evidence that the " rhabdom " of Grenacher is, in reality, formed 
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by the proximal ends of the retinophorae, as maintained by 
Patten. 
Carrikre (’86) led by Locy’s observations, publishes some 
results of studies on the eyes of Chrysides and Ichneumoids, 
which, in the absence of illustrations, are absolutely unin- 
telligible. The hypodermis cells elongate, and then divide 
into two layers, and at the edge of this patch a pouch-like 
invagination begins, going obliquely downward, and carrying 
with i t  both layers in their ” normalan Lage.” Here arises the 
difficulty; how many layers result? The outer layer is 
described as the lens-building - the inner, as the potential retina 
forming; but which “ inner ” and which [‘ outer ” layer is 
referred to of the six which may exist is left in doubt. Next, 
some of the invaginated ceHs are represented as extending to  
the surface and sharing with the superficial cells in the forma- 
tion of the lens. In the meantime the retinal cells have 
separated from the hypodermis, and form the pigment and rods, 
while the lens-forming cells have never severed their connection 
with that layer. Further, the invaginated pouch is never sepa- 
rated from its parent layer. 
The last author to be mentioned on the development is Dr. 
Reichenbach, who has given us  by far the most complete account 
of the development of a compound eye which has yet appeared. 
He describes (’86, pp. 85-96) the development of the eye of 
Astacus, and, in the earlier stages, there is a striking similarity 
in our results, when one bears in mind the considerable difference 
in the size of the eggs investigated. One difference is, how- 
ever, to be noticed : I could not see the cell-divisions so plainly 
shown on the beautiful plates of the Frankfurt naturalist ; and, 
besides, gastrulation takes place in Crangon before, not after, the 
formation of the optic lobes. Beyond this we agree perfectly in 
the position and direction of the optic invagination; but in 
Astacus the invagination is solid. This portion is represented 
as becoming separated from the parent layer and coming to lie 
beneath a patch of epiblast in front and a little outside the place 
of invagination. This patch, interpreted as the rudiment of the 
crystalline-cone layer, soon thickens, and becomes several layers 
of cells or nuclei deep, while the invaginated portion folds so as 
to  inclose a cavity with an inner and outer wall. Here come 
our differences, which naturally affect all the subsequent stages. 
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I am strongly of the opinion that Reichenbach’s layer of “ krys- 
tallkegelzellen ” is not a simple layer, formed by a proliferation of 
epidermal cells, b u t  is really compound, as it is in Crangon. 
Then, if we recognize in his “ Augeneinstulpung ” not the 
whole of the optic invagination, but only my gangliogen, it is 
comparatively easy to make many of our results agree with as 
few differences as might be expected with individuals belonging 
to different orders. Then from the compound layer will arise, 
as in Crangon, the epidermal cells (Semper’s nuclei), the crystal- 
line cone-cells (retinophorae), and the pigment cells. Thus, too, 
can be explained the inwandering mesodermal pigment-cells 
into the optic cavity. The resemblance is even closer. The 
four Semper’s nuclei cap each crystalline cone, and below 
them arc the nuclei of the four crystalline cone-cells, the bodies 
of which unite to form the calyx. Dr. Reichenbach does not 
say definitely whether the proximal ends of the retinophorz 
form the pedicle, but his figures (especially Figs. 224 and 225) 
warrant the conclusion that here, as in Crangon and Peneus 
(Patten), they do. The history of rentinophorx and pigment- 
cells is not traced with that detail that it is in the present paper. 
Reichenbach describes a folding of his invaginated tissue 
into inner and outer walls, which certainly does not exist in 
Crangon. The outer wall forms, as in Crangon, rows of gangli- 
onic nuclei, which divide into three, instead of two, portions at 
first (compare Reichenbach, P1. xiv., Fig. 224 RI, with my 
Fig. 7). It, however, seems to me that our author must be 
clearly wrong when (p.  92) he regards the outer of these layers 
as a retinula and the middle one as composed of rhabdoms, and 
claims that the primary invagination was for their production. 
The inner wall unites with the “optic’) (my cerebral) ganglion. 
As to the optic ganglion of Reichenbach, he regards it as of 
segmental value, and as distinct from the supra-esophageal 
ganglion. Certainly this is not wholly true in Crangon, for the 
corresponding ganglion (it arises from the same region and in 
exactly the same way as in Astacus) is the supra-esophageal gan- 
glion, and those of the two sides do not become united by com- 
missures until a comparatively late stage of development. Hence 
I do not regard it as an optic ganglion, but have restricted that 
term to the ganglia lying in the stalk of the adult eye. Concern- 
ing the segmental value of the eye and its being homodynamous 
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with the other appendages I see no reason to change the view 
I have always held that it is not. If it is we must allow all ar- 
thropod eyes arising from invaginations (e.g. ,  spiders) to be ap- 
pendages, and in this way we should find ourselves in no end of 
trouble. In  Astacus the eye attains the dignity of a stalk at a 
very early date ; in Crangon, at the time of hatching, the con- 
striction which is to make it a mobile organ has hardly be- 
gun. Some remarks on this point will be found in my paper 
on Limulus ('85, pp. 545, 546). 
Last in order I must refer to Patten's valuable paper ( '86)) 
which has thrown a flood of light upon our knowledge of the ar- 
thropod eye, and which, so far as I have tested it, is accurate in 
all its details of structure. I t  treats, however, only of the adult ar- 
thropod eye. Still it has some speculations which must be no- 
ticed. Dr. Patten (1. c.,p. 688) mentions the question as to an 
invagination in the compound eye, and dismisses it with the re- 
mark that, though possible, it is not proven, and further states 
that the rods are not inverted. Still, on p. 6So he is driven to the 
conclusion that the ancestral arthropod eyes consisted of closed 
optic vesicles, formed by invaginations lying close beneath the 
hypodermis, which formed a continuous layer over them. H e  
further constructs a figure (Pl. xxxii., Fig 141) to illustrate his 
idea, but regards the deeper wall of the enclosed vesicle as 
forming the layer of rods and cones, while the outer one either 
disappears or forms the so-called vitreous body. In this he was 
doubtless influenced by his belief that the layer of rods was not 
inverted (and in this belief he was warranted as can be seen 
from the foregoing review of the literature). Had he recognized 
even the possibility of this inversion he would doubtless have 
modified his theory and diagram. 
That the layer of cones is inverted was first pointed out by  
Locy, and can readily be traced in the figures illustrating the 
present paper. The deeper ends of the retinal structures touch 
the optic cavity, which, of course, was primarily a portion of the 
external surface of the body, while the outer or distal ends of 
the retinophorz were primitively turned from the surface. This 
fact has some weight, and Carrisre ('86, p. 499) is hardly war- 
ranted in his criticism of Locy's comparison of the eye of a 
spider with that of a veterbrate. In both the layer of rods and 
cones is developed from the outer wall of an invaginated vesi- 
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cle and in both the light traverses these organs in exactly the 
same direction. Further, as Patten has shown, there is a simi- 
larity in the nerve-supply. In the vertebrate the optic nerve 
enters the eye in a mass, passes between the retinal elements 
and the lens, and gives off its fibres to the distal ends of these 
elements. In the Crustacea, on the other hand, as shown by 
Patten for various genera, the nerve to each ommatidium enters 
the optical portions of the eye separately, but ultimately be- 
comes distributed to the distal portions of the organ. In the 
anterior median eyes of the spiders, on the other hand (I am 
informed by  my friend, Dr. E. L. Mark), the optic nerves enter 
the eye in a cord much as in vertebrates, and arc thence distrib- 
uted to the distal ends of the ommatidium. 
Still these similarities, interesting as they are, do not prove 
homologies, though I am not yet ready to discuss this point in 
all its bearings. One prominent difference must, however, be 
noted. In the arthropod eye the rods and cones are turned 
toward, in the vertebrate eye away from, the lens. 
The development of the compound eye, as here given, must 
be regarded as having great weight in settling the question 
whether the compound eye has arisen by a concrescence of ocelli 
in the negative. Both ocelli (Locy) and compound eye arise 
by  a single invagination. Were the other alternative true, we 
should expect the compound eye to have an invagination for 
each ocellus composing it. 
The observations as yet recorded are not sufficient to throw 
any great light upon the phylogeny of the arthropod eye, still 
one or two points may be spoken of. The mere fact of invagi- 
nation must be regarded as indicating an ancestral condition ; but 
what this condition was is uncertain. The pit or groove must 
have had sensory functions, and either wall must, for a time, 
have been like its fellow, as is shown by its having similar 
nuclei, and by  the similar development of rows of nuclei. The  
position of the eye, too, at  the extreme end of the nervous cords 
would indicate that it was differentiated as a part of the primitive 
nervous system ; but whether the invagination was originally 
confined to the eye alone, or whether it is the remnant of a con- 
dition which formerly extended throughout the whole lcngth of 
the cords, is another problem. It may be well, howcvcr, to cail 
attention to the fact that in all arthropods that have been inves- 
No. 1.1 DEVELOPMENT OF THE COMPOUNQ EYZ. 
64 KINGSLE Y. P O L .  I. 
tigated, the supra-esophageal commissure develops much later 
than the optic cords, and the same is true of many of the worms. 
MALDEN, MASS., October, 1886. 
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EXPLANATION O F  PLATE. 
Reference Letters. 
b, bacilli. 
c, crystalline cone. 
e, ectoderm or epidermis. 
g, gangliogen. 
gt, rows of ganglionic nuclei. 
h, entoderm or hypoblast. 
I ,  corneal lens. 
m, mesoblast. 
0, ommatidium. 
oc, optic cavity. 
og, optic ganglion. 
oi, optic invagination. 
oE, optic lobes. 
p1-p4, pigment-cells. 
pd,  pedicle. 
I, retinogen. 
up, retinophora. 
rt, rows of retinal nuclei. 
sg, supra-esophageal ganglion. 
x, undifferentiated ventral surface of 1 the body. 
The figures were all drawn with the Hartnack microscope and Oberhzuser’s 
The amplification is stated in 
Surface view of a stained egg a t  the time of the appearance 
Every nucleus was drawn with a camera, except 
Transverse section through an optic lobe of Fig. I, the left side 
Optic lobe a t  about the time of closure of the optic invagination. 
Optic cavity and surrounding portions a t  a stage when one ap- 
camera, unless stated to be diagrammatic. 
most instances. 
FIGURE I .
of the optic lobes. 
those on the extreme margin. 
being toward the median line. 




FIG. 5. Same when two appendages are outlined. (X 550.) 
FIG. 6. Eye a t  time when seven appendages are outlined. The  upper is 
FIG. 7. Section through half the head a t  the time of first deposition of 
FIG. 8. Retinal and epidermal elements of same eye still more enlarged. 
FIG. 9. Surface view of pigment a t  time of first appearance in the same 
eye. Drawn from living embryo. 
FIG. 10. Three retinal elements (one retinophora and two pigment cells) 
teased from a section of an eye in the stage of Fig. I I .  Free-hand drawing. 
FIG. IX. Portions of three ommatidia of an  embryo nearly ready to 
hatch. (X  700.) 
FIG. XZ. Half of cephalic region of embryo, same age as Fig. 6 ,  showing 
the mesoderm, etc. ( X  260.) 
FIG. 13. Diagram of a single ommatidium of Fig. XI, to show the relations 
of the pigment-cells, retinophorar, crystalline cone, and pedicle. The length 
of the crystalline cone and the distances between the outer pigment-cells are 
exaggerated for sake of clearness. 
(X  550. )  
(X 840. ) 
pendage is outlined. ( X  575.) 
the more dorsal portion. 
pigment, showing the relationships of optic and cerebral ganglia and eye. 
(X  j50.) 
